Abstract: Over the course of time, several effects which are associated with the phenomenon of an opticallyinduced spin transition were found. With this contribution, we would like to give the reader a brief overview of several photonically-induced SCO effects by outlining their relationship to one another.
Introduction
In today's chemistry, molecular compounds with switchable electronic states have attracted a great deal of interest for their potential as switchable units in very high-density devices in information technology [1] [2] [3] . Spin crossover (SCO) compounds are reversibly excitable coordination compounds of certain transition metals and provide such a switchable system with the necessary electronic bistability [4] [5] [6] [7] [8] . Stimuli such as for instance a temperature variation may trigger in those compounds a redistribution of the 3d electrons between t 2g and e g sublevels -a spin-state transition from the electronic low-spin (LS) ground state to the relatively close-lying high-spin (HS) state. For octahedral iron(II) complexes (the coordination sphere most SCO compounds are based on), the thermal spin transition is an entropy driven process. The essential condition for such a thermally-induced spin transition is that the difference in zero-point vibrational energy between both spin-multiplicities is in the order of thermal energy k B T [5] .
The electronic redistribution during this spin transition is accompanied by plenty of changes in macroscopic properties of the material such as magnetism or colour [6] . When arranged in neat and rigid lattices, SCO molecules tend (due to a large difference in the molecular geometry of both spin states) also to elastically interact with one another, which may lead to first-order phase transitions and hysteresis behavior. Accordingly, diluting such systems results in the loss of this cooperativity and transition curves which tend to be more gradual. The latter are a common representation of the SCO phenomenon which is most commonly depicted as the high-spin molar fraction γ HS (e.g., determined by the magnetic moment of the sample) plotted vs. the temperature T. The temperature at which the fraction of the molecules in the HS state is γ HS = ½ is generally referred to as spin transition temperature T 1/2 [7] .
Alongside temperature as a trigger for spin crossover, other stimuli such as the application of pressure are known as well [1, 6, 7] . External pressure on the SCO compound increases (in a first-order approximation) the zero-point energy gap between both spin states, leading to a HS state which is effectively de-stabilized relative to the LS state. As a consequence, a shift of the spin transition point T 1/2 to higher temperatures occurs if relatively high pressures are applied. Structural changes in the lattice due to the external pressure may decrease the energy gap and may lead to a T 1/2 shift to lower temperatures as well. The application of strong external magnetic fields may also favour the HS state causing also a slight downward shift of T 1/2 . Due to the relatively demanding experimental requirements to influence the spin transition by external pressure or magnetic fields many research groups confine themselves to influence existing SCO systems chemically -e.g., by ligand substitution, isomerizations in those ligands or introduction of solvent molecules in the lattice [7] .
In addition to the above mentioned stimuli of spin transitions, a light-induced population of the HS state is nowadays very common [1, 9, 10] . It can typically be realized well below the thermal spin transition T 1/2 of many iron(II) SCO compounds by exciting the metal of the compound from its LS ground state either in spinallowed high-lying metal-centered singlet states or a transition in metal-ligand charge transfer states. Those states are very short-lived and may decay via triplet states into the HS-state. At sufficiently low temperatures, an energy barrier effectively traps the compound in its HS state (since the decay of the quintet state back to the singlet ground state is highly spin-forbidden). This optically-induced SCO with a trapped HS state at low temperatures is known as light-induced excited-spin-state trapping (LIESST) and paved the way to an intriguing insight into the electronic structure of iron(II) compounds.
Over the course of time, several effects which are associated with the phenomenon of an opticallyinduced spin transition were found [8] . Some of them use for instance electromagnetic radiation of higher frequencies to provoke the spin transition. Others utilize the irradiation of the sample to create interplay between the build-up of the HS state and its thermal decay enabling thereby hysteresis behavior remote from the thermal spin transition. To address the respective effects, certain abbreviations have been established in the past which indicate the kind of excitation and their relation to the optically-induced spin transition. With this contribution, we would like to give the reader a brief overview of several photonically-induced SCO effects by outlining their relationship to one another.
At this point, we would not wish ligand-driven spin transition effects to go unmentioned. For the sake of completeness, it should be said that nowadays the respective type of compound constitutes a significant part in the research field of photonically-induced spin transition phenomena. Effects such as ligand-driven light-induced spin change (LD-LISC) [11] and light-driven coordination-induced spin state switching (LD-CISSS) [12] alter the ligand field via isomerisation processes within the ligands upon irradiation. Although their implementation often results in beautiful switchable systems, we would like this contribution to solely focus on so-called excited spin-state trapping processes which typically occur after the direct excitation of the metal. Figure 1 schematically displays the high-frequency region of the electromagnetic spectrum with five spinstate trapping processes assigned to the different energy regions of the respective radiation which induces the spin transition. The expression excited spin-state trapping generally refers to the excited HS state whose return to the LS ground state is highly spin-forbidden at sufficiently low temperatures -a term which is used often to indicate generating and trapping of metastable HS states with an external radiation source.
Discontinuous irradiaton: photonically-induced excited spin-state trapping
The light-induced excited spin-state trapping (LIESST) [11] -the above mentioned progenitor of the photonically-induced excited spin-state trapping processes -comprises the excitation of valence electrons and was discovered by Decurtins et al. in 1984 [11] . The mechanisms of the phenomenon are well understood by now and are reviewed explicitly in the literature [1, 6, 7, 12] : Green light irradiation acts on the iron(II) lowspin 1 A 1 (t 2g
6
) state leading to an excited singlet state which decays via triplet states to the trapped meta-stable
e g 2 ) state, the iron(II) HS state. Alongside irradiating into the spin-allowed d-d bands, an irradiation into the intense metal-ligand charge transfer (MLCT) bands of the low-spin species is possible as well. The conversion of the HS compound back to the LS ground state can be realized either by raising the temperature or by the so-called reverse LIESST effect, which photonically converts the HS compound into the LS state by the use of red light.
The term nuclear-decay-induced excited spin-state trapping (NIESST) [6, 7] was coined by Gütlich et al. who found first evidence of the existence of the effect in 1970. By using Mössbauer emission spectroscopy one can monitor various chemical and physical "after effects" nuclear decay of radioactive atoms embedded in a compound such as bond rupture, redox processes and formation of metastable states. Using this technique long-lived metastable HS states of 57 Fe(II) populated after nuclear decay were observed in the spectra of 57 Co-doped iron(II) SCO complexes. Many examples of the effect are explained in a review article in reference [13] . In analogy to LIESST, the mechanism of NIESST with its nuclear decay process 57 Co(EC) 57 Fe may be also considered as "internal" molecular excitation source.
The X-ray excitation of L shell electrons in iron(II) coordination complexes can lead to trapped metastable HS states as well. Collison et al. observed, firstly in 1997, for the soft-X-ray-induced excited spin-state trapping (SOXIESST) [14] a similar build-up and decay behavior of the excited HS state in comparison to the one generated by the LIESST effect. Studies of the effect suggest that, in analogy to LIESST, after the transition of the LS ground state into an excited state, a relaxation either to the trapped HS state or back to the LS ground state takes place [15] . Unfortunately, undesirable effects such as bond rupture are also observed. This might limit a possible application of this effect. In this case, in comparison to LIESST, secondary electrons seem to transfer the LS→HS excitation energy to the coordination compound via inelastic scattering processes.
In 2006, Renz et al. were able to demonstrate that the hard-X-ray excitation of K-shell electrons in iron(II) coordination complexes can also result in trapped metastable HS states. The effect of hard-X-ray-induced excited spin-state trapping (HAXIESST) [16] is similar to the above motioned excited spin-state trapping effects as well. In comparison to the SOXIESST and NIESST, the HAXIESST exhibits a much lower probability for irreversible bond breaking processes. While L-shell experiments are often incompatible with experiments that require extreme conditions and are usually performed under vacuum (due to the comparatively low penetration depth of soft X-rays), a K-shell experiment based on hard-X-rays is commonly done at ambient pressure under atmospheric conditions. An additional advantage of the HAXIESST is the theoretical possibility to address single molecules, due to the atomistic spatial resolution of the short wavelength -whereas the resolution associated with LIESST of around 500 nm exceeds the molecular size of typical SCO compound by far. Furthermore, the hard-X-ray penetration depth of several tens of microns in typical SCO compounds allows spectral variations to reflect transformations in the bulk of the samples and facilitate the investigation of optical non-transparent materials. Recently, an excitation of the HS state in an iron(II) SCO compound has been observed upon irradiation with vacuum-UV light at low temperatures by Kipp, Tuczek et al. The effect was denoted by the authors as vacuum-ultraviolet-induced excited spin-state trapping (VUVIESST) [17] and can be considered an outer-shell photoemission which leads to the trapped metastable HS state as well. Despite the effect being much weaker in comparison to the above mentioned ones using soft-and hard-X-ray synchrotron radiation, VUVIESST seems to offer a new way of populating the HS state with an excitation energy between visible light (LIESST) and soft-X-rays (SOXIESST).
Continuous irradiaton: uncovering cooperativity between the spin-bearing centers
The photonic excitation effects displayed in Fig. 1 can also be used to uncover cooperativity among the molecules in SCO compounds. By investigating the influence of continuous irradiation in a temperature region of an inhibited HS relaxation (in terms of the LIESST effect), the light-induced thermal hysteresis (LITH) [18, 19] was introduced at about the same time by Varret et al. and Létard et al. in 1998. The occurrence of the LITH effect is caused by a competitive situation between the build-up of the HS state and its thermal decay (a function of the HS fraction), which be interpreted in mean approximation with a master equation including a non-linear relaxation term [19, 20] . The LITH effect allows the observation of hysteresis loops in the spin transition curve upon temperature scanning under permanent irradiation. Altering the intensity of incident beam while maintaining a specific temperature leads to a so-called light-induced optical hysteresis (LIOH) [19] (see Fig. 2 ). The occurrence of a path-dependent instability of a photoexcited steady state can be (alongside a function of temperature or intensity) observed as a function of pressure as well. Accordingly, the latter effect was denoted light-induced pressure hysteresis (LIPH) [21] .
At elevated temperatures, light irradiation of a certain wavelength can influence a thermal hysteresis (using the same interplay between the build-up of the HS state and its thermal decay), which is known as light-perturbed thermal hysteresis (LiPTH) [22] . By shifting the thermal hysteresis to lower or higher temperatures, in contrast to the above mentioned excited spin state trapping processes, LiPTH [as well as its equivalent light-perturbed optical hysteresis (LiPOH)] bears the extraordinary potential to enable spin transition with the aid of light at room temperature.
Some analogous effects to uncover cooperativity by irradiation could be demonstrated using other photonic excitation effects as well. Renz et al. were, for example, able to observe cooperativity in a SCO compound
Fig. 2 Schematic representation of the light-induced thermal hysteresis (LITH) and the light-induced optical hysteresis (LIOH).
upon temperature scanning under permanent hard-X-ray irradiation of the sample. The hard-X-ray-induced thermal hysteresis (HAXITH) [23] is one example of further effects complementing the scheme of photonic excitation effects. A similar hysteresis effect was observed for soft-X-rays as well [14] . Other effects, regarding the observation of cooperativity within SCO compounds, such as optical or perturbed hystereses have, to our knowledge, not yet been reported and should be observable (using soft-or hard-X-rays) as well.
Switching of compounds without a thermal spin transition
In the year 2000, Renz et al. were able to report on a LIESST-like behavior in a metal-diluted compound without a thermal spin transition [24] . Up to this point, this type of compound would have been classified, according to the inverse energy-gap law [25, 26] , as a typical LS compound in which no long-lived HS is expected -a HS state the Renz group was yet able to observe. Clearly, an explanation of this apparent breakdown of the theory was needed. In that regard, Hauser et al. suggested (based on studies of Buhks et al. [26] and their model for an arbitrary number of normal modes contributing to the reaction coordinate) to use a two mode model for coordination compounds with anisotropic changes in the Fe-N bond lengths [27] -a type of compound for which the single mode model (upon which the inverse energy-gap law was based) appears inadequate. A previous example for a two normal mode contributing to the reaction coordinate was reported before [28, 29] , which was observed in a spin transition of tridentate ligand Fe(II) compounds.
From a practical point of view, these findings afford a unique opportunity to search for electromagnetic stimulated spin transition effects in certain LS compounds without thermal spin transitions, a type of molecule which was previously not considered to be spin crossover material.
For SCO systems, metal dilution (i.e., doping molecular coordination units into host lattices with different ionic radii) is known to strongly impact the low-temperature tunneling rate constant of the HS state [1, 4, 6, 7] . However, it is impossible to solely attribute the LIESST-like behavior of the metal-diluted compound to the different lattice pressure. If such were the case, one would expect the diluted compound to exhibit thermal spin transition. The main reason for the unexpected long-lived HS state seems rather to be the relatively strained ligand 2,6-bis(2-pyridyl)pyridine: DFT structure optimisation of the two spin states performed by Hauser et al. [27] suggest anisotropic changes in the Fe-N bond lengths during the spin transition. According to Hauser's theory [22] the anisotropic expansion of the system entails more than one normal mode (with different vibrational frequencies) contributing significantly to the reaction coordinate. The latter has then to be broken down into a breathing mode plus bending modes. Provided the Huang-Rhys factor of the breathing mode is not reduced significantly in comparison to the value from the single mode model, a relatively small contribution of an additional bending mode significantly increases the energy barrier between the potential wells and lowers the low temperature tunneling rate constant by several orders of magnitude (see. Fig. 3,  right) . Thus, excited spin-state trapping processes appear possible in this type of LS compound and open a new avenue to search for similar compounds which have not been considered switchable before. Up to now, the strong-field light-induced excited spin-state trapping (SF-LIESST) [24] -as the authors called this entirely unexpected effect of excited spin-state trapping in LS compounds -was exclusively found in metal-diluted iron(II) systems of the 2,6-bis(2-pyridyl)pyridine ligand. In the neat iron(II) compound, the anisotropic expansion seems to be hindered since the lattice is more adapted to the LS state [27] . This can be circumvented by choosing host matrices which are more adapted to the excited spin-state. Figure 3 schematically illustrates the situation for an iron(II) coordination compound with 2,2′-bipyridine and 2,6-bis(2-pyridyl)pyridine (tpy) as a ligand. In the case of 2,2′-bipyridine, the LS→HS transition is well described by the totally symmetric breathing mode [27] . For this isotropic system the single mode model applies. The low energy barrier between both potential wells leads to relatively high relaxation rates of the excited HS state at lower temperatures and prevents a light-induced spin state trapping. The compound exhibits lifetimes of the light-excited HS state in the expected microsecond range and therefore no spin transition in terms of an excited spin-state trapping process. In comparison to that, the metal-diluted compound with 2,6-bis(2-pyridyl)pyridine as ligand exhibits lifetimes of the excited HS state of several days and therefore a LIESST-like behavior -even though the compound does not exhibit a thermal spin transition and is according to the inverse energy gap law not expected to be switchable.
Herein, we would like to draw the community's attention to other electromagnetic stimuli to provoke a spin transition in the above mentioned LS compounds. We assume excited spin-state trapping processes induced for instance by soft-or hard-X-rays in this class of compounds to be possible as well. Furthermore the search for switchable LS molecules should be extended to different metals as well as neat compounds.
More modes for other unexpected effects!
The contribution of an additional bending mode caused by the relatively strained 2,6-bis(2-pyridyl)pyridine ligand allows a light-induced spin transition in certain coordination compounds -even though this type of compound does not exhibit thermal spin transition and is not considered to be spin crossover material (see Ref. [24, 27] and the previous section).
The ligand 2,6-bis(benzimidazol-2′-yl)pyridine bears the same potential to invoke such a two mode transition because it exhibits a similar rigid stucture (see Fig. 4 ). The ligand seems to be virtually predestined to further examine the respective excited spin-state trapping effect since some of its iron(II) compounds also show a thermal spin transition [30] . Furthermore, its deprotonated species offers additional bending modes: This should lead to at least 3 vibrational modes with different frequencies -each with a significant contribution to the reaction coordinate. These multiple mode processes are in our opinion not restricted to spin transition effects. There are other research fields which could gain progress on synthesizing the right materials which in turn could introduce additional modes enabling new effects. One (admittedly ambitious but conceivable) aspect could be superconductivity where presently one mode is responsible for the formation of cooper pairs in one direction. Another mode might enable another pathway. In our opinion, the multiple mode processes do certainly bear potential for applications whereas its full extent is hard to foresee at this point and should in our eyes entail further investigations. Fig. 3 Illustration of Hauser's theory [27] on the electromagnetic switchability of iron(II) coordination compound with 2,6-bis(2-pyridyl)pyridine as a ligand. In comparison to systems with 2,2′-bipyridine as ligand, a contribution of an additional bending mode to the reaction coordinate significantly increases the energy barrier between the potential wells and lowers the low temperature tunneling rate constant of the HS state by several orders of magnitude. The latter enables excited spin-state trapping processes even though the system does not exhibit a thermal spin transition. One system is based on 2,6-bis(benzimidazol-2′-yl) pyridine and the other on its deprotonated species as a ligand. The former system provides at least 2 vibrational modes with different frequencies contributing to the reaction coordinate whereas the latter should offer at least 3 modes.
